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ABSTRACT 

We describe cosmic F-term strings with exponentially small tension which are 
D3 branes wrapped on deformed ^3 singularities. We show that brane instanton 
effects which can be calculated after a geometric transition give rise to an exponen- 
tially small volume for the node on which the D3 branes wrap leading to a string 
with small tension. We generalize our description to the case of non-Abelian cos- 
mic strings and argue that these strings are stable against monopole-anti monopole 
pair creation. 
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1. Introduction 



The renewed interest in cosmic strings[l] is due to the fact that their detection 
may provide a striking signature of string theory which contains many objects that 
can play the role of cosmic strings. The simplest possibility is that cosmic strings 
are either fundamental strings or Dl branes, i.e. F or D strings[2]. These are 
especially relevant in the context of D-brane inflation [3] since they are produced 
at the end of brane-anti brane annihilation. Alternatively, cosmic strings may be 
D(p+1) brancs wrapped on p-cyclcs of the compact space [4]. 

In field theory, cosmic strings (or vortices) exist in models with a spontaneously 
broken U{1) gauge symmetry [5, 6]. In supersymmetric field theories, vortex solu- 
tions arise from nonzero F or D-terms and are called F or D-term strings respec- 
tively[7]. lnAf — 2 supersymmetric models both types of strings are BPS; however 
with Af — 1 supersymmetry, only D-term strings are BPS. F-term strings are 
topologically stable but their solutions and tensions receive corrections [8]. 

If cosmic strings were produced before inflation, they would be diluted and not 
be observable today. Therefore, we must assume that they were produced after 
inflation. In a cosmological context, cosmic strings are produced by the Kibble 
mechanism [9] which arises from the finite horizon size. Cosmic strings can be 
detected mainly due to their gravitational effects such as gravitational lensing, 
contributions to the CMB density perturbations and gravitational radiation from 
string loops [1]. The present bounds on their tension, T,, arise either from the 
density fluctuations in the CMB [10] with GTs < 2 x 10^^ or pulsar timing[ll] with 
GTs < 1.3 X 10""^. Thus, the string tension must be suppressed with respect to 
the string scale, Mg ~ Mp. This is not a problem in field theory since the scale of 
spontaneous U{1) breaking is arbitrary (at the cost of introducing a gauge group 
at intermediate scales). In string theory, on the other hand, the smallness of the 
tension is difficult to explain. One possibility is to locate cosmic strings in a warped 
throat which effectively lowers their observed tension [2]. 

In this letter, we consider the 3 + 1 dimensional world-volume theory of D5 
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branes on a deformed singularity (with three nodes) . We show that this world- 
volume theory contains a vortex which is an F-term string. We give a different 
description of the same cosmic string as a D3 brane wrapped on a node of the 
singularity. The string tension is exponentially small due to brane instanton ef- 
fects [12] on another node of the singularity which can be calculated after a geomet- 
ric transition [13]. (For other phenomenological consequences of brane instantons 
see [14-19].) In the world-volume theory, this instanton induces an exponentially 
small F-term which results in an exponentially small string tension. Alternatively, 
the brane instanton results in an exponentially small "stringy volume" of the node 
which the D3 brane wraps giving rise to a small string tension. 

A simple generalization of the model, in which there are multiple D5 branes 

wrapped on each node of the deformed singularity leads to non-Abelian cosmic 
strings with small tension. Wc also show that these cosmic strings are stable 
against monopole-anti monopole pair creation. 

2. Cosmic Strings with Small Tension 

In this section, we describe the physics on the world- volume of D5 branes 
wrapped on a deformed As singularity. In section 2.1 we describe cosmic strings as 
F-term strings in field theory or as D3 branes wrapped on a node of the singularity. 
In section 2.2 we generalize the results of the previous section to non-Abelian 
cosmic strings. In section 2.3 we consider the stability of cosmic strings with 
respect to monopole-anti monopole pair creation. 

2.1. F-term Strings with Small Tension: Consider the deformed 
singularity given by 

uv — {z — 'mx){z + 'mx){z + 'mx){z — m{x — 2a)) (1) 

with three nodes (singular S'^s). The A^ singularity is fibered over the complex 
plane C{x). We see that the first node is at a; = whereas the third one is at 
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X — a. The location of the second node is not fixed since it corresponds to a fiat 
direction on the world-volume theory. For the moment, we take its location to be 
at X 7^ 0, a so that the three nodes are separate. We wrap one D5 brane on each 
node and consider the theory living on the noncompact 3 + 1 dimensional D5 brane 
world-volume. (We could wrap A^^i and N^, D5 branes on the first and third nodes 
with minor changes in our results. The important point is to have one D5 brane 
wrapped on the second node in order to have a U(l) gauge group that gives rise 
to the vortex.) The world-volume gauge group is U{l)i x U{1)2 x U{1)^ with the 
couplings [20] 

47r Vi 



1,2,3 (2) 



where Qg and are the string coupling and length respectively and Vi is the "stringy 
volume" [21] of the ith node given by Vi = {2n)H'^{Bf + rf + af)^/^. Here 



/ rl = jj (3) 



Bi^ 

i.e. Bi is the NS-NS fiux through the ith node and r? is the volume of the blown- 
up Sfs. On the second node, we set both of these to zero. Thus, for the moment 

there is no fiux or small resolution on the second node. However, there are (com- 
plex) deformations of the singularity parametrized by ai which result in nonzero 
"stringy volumes" for all the nodes. These are related to the deformations of the 
superpotential, i.e. singlet masses and F-terms obtained from[22] 



W{4>i)^ J {zi{x) - Zi+i{x))dx (4) 

where Zi{x) are the zeros of the different factors in eq. (1) which describe the 
deformation of the singularity. In general, we may have fiuxes on the fist and third 
nodes so that Vi are all different. 
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The matter content on the world-volume consists of three singlets 0i,2,3 and 
two pairs of bifundamentals (5i2, Q21, <523, Q32 coupled through the superpoten- 
tial[22] 



W = {(f)2- (f>l)Ql2Q21 + {4>3 - 4>2)Q23Q32 + m(pl - m{4>3 - o)^ 



(5) 



This assumes a certain normalization of the (f)i on which we will elaborate later. 
We see that a supersymmetric vacuum exists for vanishing bifundamental VEVs 
where the singlet VEVs are 0i = 0, 03 = a and 02 is free. This exactly matches 
the locations of the nodes mentioned above. 

We would like to consider the brane instanton correction[12] to the above theory 
where the instanton in question is a Euclidean Dl brane wrapped on the third 
node[23]. This effect can be rehably computed after a geometric transition [13] if 
the third node is isolated and the fields hving there are all massive (which hold 
in our case). The nonperturbative instanton effect before the transition is given 
by the perturbative flux superpotential after the transition. Consider a geometric 
transition at the third node with where the D5 brane wrapped on the 

third node is replaced by a unit RR flux 



where s — mS and S is the size of the blown up S^. After the geometric transition, 
the fields that live on the third node 03,<523)Q32 (and [7(1)3) disappear and the 
superpotential gets two new contributions. The first one is the flux superpotential 




(6) 



The geometry becomes [23] 



uv — {z — mx){z + mx){{z + mx){z — m{x — 2a)) — s) 



(7) 
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(for N = 1)[24] 

where J^q is the prepotential. The form of the superpotential in this case is known 
to be (in notation more common in the hterature t — y/27r^^)[13] 

The second instanton contribution is the correction to the superpotential of 02 
given by [2 3] 

W'{(l>2) = j{z2- Z3)dx (10) 

where zs is the solution to 

{z + ■mx){z — ■m{x — 2a)) — s (11) 
given by z^ — —ma — -^/rn^ix — a)^ + s. Then we find 

W\h) = ~log\^^ (12) 
For small 02 (which we will justify later) this is equivalent to an F-term 

- - ^^^^ 
Note that F < 0. The superpotential now becomes 

W = m(j)j + (02 - 0i)gi2g2i + hF + Wfi^^ (14) 

where Wfi^x ^-^d F given by eqs. (9) and (13). At low energies, E « m, 0i 
decouples. Its F-term is 

F^^ = 2m0i - Q12Q21 (15) 

Setting this to zero gives 0i — Qi2Q2i/2m so 0i decouples with a VEV that 
depends on (the VEVs of) Qi2,Q2- The F-term above also induces a nonrenor- 
malizable term in the superpotential of the type ((5i2Q2i)^/4m. 
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The field S also decouples at low energies. Setting Fs — we find 



which is exponentially small because it is due to an instanton effect. Prom eq. (13) 
we find that 

thus obtaining an exponentially small F-term. We can also decouple the U{l)i 
gauge field from matter by taking to be very small. From eq. (2) we see that 
this can be done by taking Vi >> l^. Thus, U{l)i becomes a global symmetry 
and the only gauge group left is U{1)2- The remaining low-energy superpotential 
is 

W = <P2Ql2Q21 - i^l^^ + ct>2F (18) 

This leads to the scalar potential 

Vf = IQ12Q21 + F|2 + |02|'(|(5i2|' + IQ21I') + 0{Q^/m^) (19) 

We note that the terms of 0{Q^/m^) which we did not write out explicitly are 

important for obtaining the correct VEV of (f)2- Under U{1)2, the fields Qi2,Q2l 
have charges +1,-1 respectively. As a result, there is a D-term contribution to 
the scalar potential 

Vd ^ ^{\Qi2\^ - \Q2i\^f (20) 

The total scalar potential is given hy V — Vp + Vd, i.e the sum of eqs. (19) and 
(20). Vd is minimized by \Qi2\ — IQ21I so we can take Q12 — Q21, i-e. the two 
charged fields have complex conjugate VEVs. In addition, from eqs. (15) and 
(18) (taking into account the terms of order 0{Q^ /m?)) we find that the F-terms 
vanish for 0i = 02 = —F/2m. From eq. (17) we see that 02 << o justifying our 
assumption above. 
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For E < v |-F|, 02 decouples and we are left with a theory described by the 
Lagrangian 
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F^,F^''' - ^{D^QnD^'Ql^ - DpQaii^^QL) - \Q12Q21 + (21) 



where D^Q = {d^ — igA^)Q and F^i, = d^A^ — d^A^. This theory has a vortex 
solution; in fact this is known as an F-term string [7]. 

Far from the core of the vortex, at large r, the solution is 



Q12 = = V l^le*""' = - F^, = (22) 

where n is the topological winding number. The vortex (along the z direction) has 
a metric which has a conical singularity {F < 0) 

ds^ = -dt^ + dz^ + dr^ + r'^{l + de'^ (23) 

Near the core of the vortex, at small r, the solution is 

Q12 = Q21 = Ae^^(l- cos f r\ Fre = -Mpsin ( 



gF V \MpJ J - 

(24) 

It is well known that the vortex with winding number n carries a magnetic flux of 

$n = / Bzdxdy = 2Tm (25) 



which shows that the topological charge is magnetic flux. The string has tension 

Tn = 27r|F|n = ZL^ne-^^'/^-^'^' (26) 



We see that the above tension is exponentially smaller than the string scale 
Mg (or Mp). For example, if we take A ~ a ~ Mg then the bound on the 
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tension becomes GTs ~ {-K/gDe V^/iT^gdl ^ iq 7 p^j. ^ ^^2^ this means (with 
rg = as = 0) Vs > dOlj which following eq. (3) requires B^^ > (I/IO)^^ ^ote 
that the string instanton factor is precisely what one would expect from a field 
theory instanton (for U{l)s) 

exp{-V3/27rgsfs) = exp{-87r^ /q^m) (27) 

where we used eq. (2). It is difficult to calculate this instanton effect in the world- 
volume field theory. However, the instanton corrections to the superpotential given 
by eqs. (9) and (12) can be easily calculated in string theory using a geometric 
transition. 

The F-term string that we found in the world-volume field theory is in fact a 
D3 brane wrapped on >S'2[4]. We can find the relation between the F-term in eq. 
(17) and the "stringy volume" of the second node V2 by equating the energy of the 
D5 brane wrapped on S2 to the vacuum energy in the field theory, 

l,if^ = r„,^,= pJ|^ (28) 

Note the extra factor of ^'2/2 above. This is due to the normalization of (62 that 
is different fom that in eq. (18) (which is the common one in the literature). 
In fact, there is a normalization in which all 0i are multiplied by Qi/V^ in the 
superpotential given by eq. (5) which is what is obtained from the world-volume 
theory. In order to find the relation between F and V2 it is crucial to use this 
normalization. Since we took gi to be very small above (to decouple U{l)i) we 
need to make sure that gfrn and gfa are finite which can be easily done. Since this 
subtlety does not affect the rest of our results we keep the common normahzation 
of (pi everywhere else. 

Using eq. (2) for 512 we find 
which establishes the relation between F and V2. Since F is exponentially small 
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the same is true for V2 in string units 



V2 = (27r) V' 




(30) 



We can now find the tension of a D3 brane wrapped on S2 



V2 



= 27r|F 



(31) 



This shows that the F-tcrm string wc found in field theory is a D3 brane wrapped 



small volume V2. It is well-known that a D3 brane inside a D5 brane constitutes a 
generalization of a magnetic flux tube due to the coupling between the RR potential 
and the world-volume gauge field strength. After wrapping both branes on S"!, 
the wrapped D3 brane carries one unit of magnetic fiux as expected from a cosmic 
string. The topological charge n is simply the number of times the D3 brane wraps 



Prom eqs. (2) and (30) for g^l ^"^^ V2 we find that the C/(l)2 coupling is 
exponentially large 



Therefore, the wrapped D3 brane corresponds to the vortex solution in the very 
strong coupling limit. This is a direct result of the fact that the only contribution 

to the volume of 5*1 comes from the brane instanton effect. As we will discuss in 
section 2.3, if the second node already has a large volume, e.g. due to a nonzero 



In general, in this limit vortices are thin, i.e. they are much thinner than 
the characteristic scale defined by the F-term (which in our case is exponentially 



on 5*2. The smallness of the string tension is a direct result of the exponentially 





(32) 



fiux S2, we can get gf^ « 1- 
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smaller than Is)- In our case, the vortex width is 



w ~ 



92 




(33) 



which is independent of the field theory parameters. This is a direct result of the 



It is interesting to note that the low-energy superpotential in eq. (18) has 
J\f = 2 supcrsymmctry in the limit m ^ oo or for very low energies even though we 
started from a geometry and superpotential that had only A/" = 1 supersymmetry. 
However, for large but finite m, this superpotential has only A/" = 1 supersymme- 
try due to the nonrcnormalizable interactions arising from integrating 0i out. In 
addition, eq. (13) takes into account only the lowest term in the expansion of the 
stringy correction in eq. (12). Clearly, there are other exponentially suppressed 
terms which are higher order in 02- We neglected these corrections to eq. (18) 
since they are small. Thus we find that in our model, J\f — 2 supersymmetry is 
broken explicitly down to = 1 by nonrenormalizable and exponentially sup- 
pressed terms. In models with H — 2 supersymmetry, F-term strings are BPS 
and therefore their solution is exact [7]. On the other hand, with only jV = 1 su- 
persymmetry, F-term strings arc not BPS and therefore their solution and tension 
receive corrections [8]. We expect these corrections to be inversely proportional to 
the large mass m and/or exponentially suppressed. Cosmic strings that correspond 
to these slightly modified solutions are expected to be stable due to conservation of 
topological charge. Therefore, the solution in eqs. (22)- (24) is stable even though 
it gets corrected. 

2.2. Non— Abelian F— term Strings: We can also obtain non-Abelian vor- 
tices[25,26] by wrapping multiple D5 branes on the nodes of the A3 singularity. If 
we wrap A^3 D5 branes on the third node, after the geometric transition we have 
A^3 units of RR flux as in eq. (6). Then, the flux superpotential becomes 



identical dependence of ^^'^ F on the exponentially small volume V2. 




(34) 
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where the only change is the factor of Ns in the denominator. As a result, the 
VEV 5*0 becomes 

So = A3e-^3/2.iV3<;.^? (35) 

Of course, this change in the exponent can be compensated by taking the volume 
V3 to be iVs times larger than that in the previous section. Therefore, the only 
effect of wrapping A^3 > 1 branes on the third node is to require a larger volume, 
V3, for the same exponential suppression of the tension. 

In order to get a non-Abelian vortex, we can wrap Nf and Nc D5 branes 
on the first and second nodes respectively giving rise to a U{Nf) x U{N(,) gauge 
group. Then, the bifundamentals Q12, and Q21 are in the {Nf, Nc) and {Nf, Nc) 
representations. If we take the volume of the first node, Vi, to be very large, i.e. 
Vi >> the U{Nf) coupling given by 

47r _ Vi 

becomes very small. Therefore, the gauge dynamics decouples and U{Nf) becomes 
a global symmetry. Q12, Q21 become Nj flavors in the Nc and Nc representations 
of the gauge group U{Nc). The singlet 02 is now an adjoint of the local U{Nc) and 
a singlet of the global group U{Nc). 

There is no string solution for Nf < Nc since the F-constraints cannot be 
satisfied due to the rank condition. On the other hand, for Nf > Nc strings 
become semi-local [2 5, 2 7] (in the language of A^c — 1) and may have arbitrarily 
large size[28]. Therefore, stabihty of strings requires Nf — Nc — N. We can realize 
this by wrapping an equal number of D5 branes on the first two nodes. We end up 
with N flavors of Qu, Q21 in the N, N of the gauged U{N) and a gauge singlet 02 
in the adjoint of the flavor group. The physics is described by the generalization of 
eq. (21) for U{N) with Nf = N flavors. The solutions are trivial generalizations of 
eqs. (22)-(24) which describe non-Abelian strings[25]. The non-Abelian F-string 
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(36) 



tension is the same as the Abehan one Tg — 27r\F\ where F is 




^-V3/2nN3gJl 



(37) 



2a 



giving an exponentially small tension as before. In order to satisfy the constraint 
GTs < 10~^ we now need a bigger volume, V3 > dONi^. It is clear that non- 
Abelian cosmic strings are also a D3 branes wrapped on the second node. 

2.3. Stability of Strings: Cosmic strings may be unstable due to monopole- 
anti monopole creation. If the rate for pair creation is not too small, then 
monopole-anti monopole pairs are created on the string which breaks into small 
pieces. In fact, in our model there are monopoles and we have to make sure they do 
not destabilize the cosmic string. Outside the string, the supersymmetric vacuum 
is given by eq. (22) with (pi = 4>2 = —F/2m. Near the core of the string, on the 
other hand, Q12 = Q21 = 0i = and 02 is free. Therefore, for 02 7^ there are 
monopoles that live inside cosmic strings, i.e. the monopoles are confined by the 
strings which are magnetic flux tubes. These monopoles have mass 



On the other hand, these monopoles are simply D3 branes wrapped on the second 
node with volume V2 in eq. (30) and stretched between the D5 branes wrapped on 
the first and second nodes. They have mass 

mm = TD3V2dn = J^^^-^M^^^l) (39) 

which matches the monopole mass in eq. (38). The monopole-anti monopole pair 
creation probability is 



Since g^^F is exponentially large (see cqs. (29), (30) and (32)) we find P = 1 
which means that the string is not stable. It breaks very fast into small pieces 




O-I02 



(38) 



92 




(40) 
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due to monopole-anti monopole pair creation. This is a direct result of the fact 
that V2 and therefore g2 is exponetially small due to the brane instanton effect. 
Previously, for simplicity, we assumed that there was no flux or blow-up on the 
second node. If we change this assumption, e.g. assume a nonzero flux S2, we can 
easily obtain a small coupling 

% ^ (41) 

for large enough B2 given by cq. (3). In this case, the brane instanton effect 
changes the nonzero V2 by an exponentially small amount, AV2. This, in turn, 
changes the energy of the D3 brane wrapped on 5*1 by an exponentially small 
amount which, as before, we identify with the F-term contribution to the energy 
in the field theory. Thus, F is still exponentially small whereas 02 is 0(1). Using 
eqs. (41) and (42) we find that P = to great accuracy. This shows that the 
cosmic strings we described above can be made stable quite easily by assuming a 
nonzero volume for the second node before noperturbative effects are taken into 
account. 

3. Conclusions and Discussion 

We see that a D3 brane wrapped on a node of a deformed A3 singularity 
is a good cosmic string candidate. In field theory, this corresponds to an F-term 
string. The string has an exponentially small tension due to brane instanton effects 
on a node of the singularity. These nonpcrturbativc effects arc calculable after a 
geometric transition on that node. They give rise to an exponentially small volume 
on which the D3 brane wraps resulting in a small tension. In field theory, this 
manifests itself as an exponentially small F-term. By wrapping multiple D5 branes 
on the nodes of the singularity, we obtain non-Abelian strings with exponentially 
small tension. 

If cosmic strings are D3 branes wrapped on singularities, ^3 which has three 
nodes is the smallest singularity that leads to strings with a small tension. One 
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node is needed to wrap the D3 brane on (or to have the Abehan gauge group). 
Another node is required in order to have the scalars Qi2,Q2i that break the 
U{1) spontaneously since there is a pair of bifundamentals for each hnk between 
two neighboring nodes. Finally, we need a third node on which there is a brane 
instanton and which goes through a geometric transition. 

It is expected that LIGO and LISA will be able to detect cosmic strings with 
GTs ~ 10-(i°-i2) in the near future[29]. We showed above that our model can 
easily accomodate cosmic strings with such small tensions. This possibility for 
detection leaves us with a few important questions. The first one is whether it is 
possible to build D-brane inflation models on singularities that end in a configura- 
tion similar to the one we started with. These would probably need to be D-term 
inflation models[30] that avoid the well-known inflaton mass problem. In fact, 
models of inflation on singularities similar to the one we used in this paper have 
been constructed [31]. However, it is not clear whether cosmic strings are produced 
after inflation since in these models since there is no brane-anti brane annihila- 
tion. Nevertheless, cosmic strings may be produced if the (factional) branes get 
close enough during inflation. 

On the other hand, it is known that cosmic strings [32] can be produced after 
D-brane inflation due to brane-anti brane annihilation[3,33]. However, there is no 
reason for these to have small tensions except when they are produced in warped 
spaces[2]. In that case, the string tension gets redshifted by the warp factor and 
can be exponentially small. Brane instanton effects on singular spaces provide an 
alternative to the warped space scenario for producing strings with exponentially 
small tension. 

Second, we need to know the details of the 1-1-1 dimensional string world-sheet 
theory in order to understand string loop dynamics. This is cruial for calculating 
cusp effects that are the source of gravitational radiation from string loops which 
are detected in pulsar timing measurements[l]. The string world-sheet theory has 
been obtained in the context of intersecting brane mo dels [34, 3 5]. It is important 
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to find out if the same or a similar string world-sheet theory describes D3 branes 
wrapped on singularities. 

Finally, if a cosmic string is detected, what would be the signature that distin- 
guishes between a field theory vortex and a wrapped D3 brane? One possibility is 
the interaction between the cosmic strings, i.e. the probability for intercommuta- 
tion which has different properties for different types of strings[36]. For example, 
even though the cosmic strings described above are wrapped D3 branes, we ex- 
pect the probability for intercommutation when two strings cross each other to be 
P ~ 1 since they are also field theory vortices[37]. Thus, in this respect we do 
not expect a difference. However, the wrapped D3 branes behave like field the- 
ory vortices only at low energies E « m at which we can neglect the massive 
fields and nonrenormalizable interactions in the field theory. At higher energies, 
the brane world-volume theory deviates from a gauge theory and is described by 
a Born-lnfeld theory. It would be interesting to investigate these differences and 
their observational signatures. 
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